Inflammation caused by perinatal infection, superimposed with hypoxia and/or hyperoxia, appears to be important in the pathogenesis of preterm neonatal encephalopathy, with white matter particularly vulnerable during the third trimester. The associated inflammatory response is at least partly mediated through Toll-like receptor (TLR)-dependent mechanisms. Immunohistochemistry, gene expression, and behavioral studies were used to characterize white matter development and determine TLR3 and TLR4 expression and accumulation in the neonatal ferret brain. Expression of markers of white matter development increased significantly between postnatal day (P)1 and P10 (NG2, PDGFRα) or P15 (Olig2), and either remained elevated (NG2), or decreased again at P40 (PDGFRα, Olig2). Olig2 immunostaining within the internal capsule was also greatest at P15. Myelin basic protein (MBP) immunostaining and mRNA expression increased markedly from P15 to P40 and into adulthood, which correlated with increasing performance on behavioral tests (negative geotaxis, cliff aversion, righting reflex, and catwalk gait analysis). TLR4 and TLR3 positive staining was low at all ages, but TLR3 and TLR4 mRNA expression both increased significantly from P1 to P40. Following lipopolysaccharide (LPS) and hypoxia/hyperoxia exposure at P10, meningeal and parenchymal inflammation was seen, including an increase in TLR4 positive cells. These data suggest that the neuroinflammation associated with prematurity could be modeled in the newborn ferret.
Introduction
Up to fifty percent of surviving infants born extremely preterm (less than 28 weeks of gestation) develop long-term neurodevelopmental impairments affecting cognition and learning, or motor problems such as cerebral palsy (Scafidi et al., 2009) . Inflammation caused by prenatal or postnatal infection, coupled with superimposed hypoxia and/or hyperoxia, appears to be important in the pathogenesis of preterm neonatal encephalopathy (Back and Rosenberg, 2014; Volpe, 2009; Hagberg et al., 2015; Brehmer et al., 2012; Dean et al., 2015) . This inflammatory response is at least partly mediated through Toll-like receptor (TLR)-dependent mechanisms (Thomson et al., 2014) . White matter is particularly vulnerable to inflammation and hypoxia during the third trimester, and encephalopathy of prematurity is characterized by injury that can range from focal or multifocal cystic necrosis of the periventricular white matter to more diffuse, noncystic white matter injury (WMI), and abnormalities in myelination (Back, 2006) . As preterm brain injury primarily involves WMI, it is critical to study disease mechanisms and potential therapies in animal models that have similar proportions of white matter compared to humans. However, few small animal species currently used to model preterm brain injury have structural similarities to the human brain.
The ferret (Mustela putorius furo) is an attractive species in which to model preterm brain injury because, like preterm human infants (and unlike rodents), they are born lissencephalic and develop gyrencephalic brains postnatally (Empie et al., 2015; Reillo and Borrell, 2012; Barnette et al., 2009) . Postnatal white matter maturation and complex cortical folding in newborn ferrets also occur in a similar pattern to that observed in the human brain during the third trimester, which includes the development of the cortical subplate (a transient scaffold for the evolving cortex) that is prominent in human brain development, but minimal in rodents (Callaway and Lieber, 1996; Noctor et al., 1997; Smith and Thompson, 1999) . Ferret brain development at birth is roughly equivalent to a 13-week human fetus, while postnatal day (P) 10 and P21 correspond to approximately 24-26 weeks and term gestation in humans, respectively (Empie et al., 2015; Barnette et al., 2009; Sawada and Watanabe, 2012) .
The aim of this study was to characterize the ontogeny of white matter and motor skills in the newborn ferret, as well as to determine the distribution of TLRs thought to be important in the etiology of encephalopathy of prematurity, in order to define an appropriate age at which to develop an experimental ferret model of premature WMI in the ferret.
Methods

Animals
Time-mated pregnant jills were acquired from Marshall BioResources (North Rose, NY, USA) at or before day 28 of gestation, and allowed to kindle naturally (typical gestation 41 days). Animals were maintained in a centralized vivarium, and had ad libitum access to food and water before and during experimental procedures. Standard housing ferret conditions included a 16-h light/8-h dark cycle with a room temperature range of 61-72°F (16-22°C), humidity of 30-70%, and 10-15 fresh air changes per hour. Procedures were performed in accordance with the NIH Guide for the Care and Use of Laboratory Animals and as part of an approved protocol by the University of Washington Institutional Animal Care and Use Committee.
Ontogeny of white matter and TLRs in the ferret
Healthy ferret kits were sacrificed on postnatal day (P)1 (n = 3), P5 (n = 3), P10 (n = 3), P15 (n = 3), and P20 (n = 3) and perfusion fixed with 10% neutral buffered formalin (NBF). Subsequently, the brains were removed and immersion fixed in NBF for 48-72 h prior to transfer to 70% EtOH. Sagittal sections of brain were obtained for 3 ferrets at all time points. Sagittal sections of brain were also obtained from three adult female ferrets, and coronal sections through the brain were obtained from one other adult female ferret. Additionally, cross sectional slices of brain at the level of the caudate nucleus, thalamus and hippocampus were obtained for kits at each of the following ages: P5 (n = 1), P15 (n = 1), P21 (n = 1), P40 (n = 3), and P70 (n = 2). For gene expression studies, fresh samples of cortex were obtained at P1 (n = 3), P10 (n = 3), P15 (n = 3), P21 (n = 3) and P40 (n = 3).
Immunohistochemistry
Immunohistochemistry was performed on formalin fixed paraffin embedded sections using antibodies for TLR3 (monoclonal mouse anti ferret, 1:250 dilution, Clone 40C1285.6, LifeSpan BioSciences, LS-C545), TLR4 (polyclonal rabbit anti ferret, 1:2000 dilution, Novus Biological, NBP2-24538), MBP (monoclonal rat anti ferret, 1:500 dilution, Abcam, AB7349), Iba-1 (1:1500 dilution, WAKO Chemicals USA, catalog number 019-19741), and Olig2 (polyclonal rabbit anti ferret, 1:500 dilution, Millipore, Cat No. AB9610). More details are presented in supplemental methods.
Polymerase chain reaction
Total RNA from brain tissues was isolated according to the manufacturer's instructions, using the QIAGEN RNeasy mini kit (QIAGEN; Valencia, CA). First-strand cDNA was synthesized from equal amount of total RNA by quantitative reverse transcriptase kit (QuantiTect, QIAGEN; Valencia, CA) using the manufacturer's protocol. Real time PCR reaction was conducted on Quantstudio 6 flex instrument (Applied Biosystem, CA). Reactions were carried out using Power Up SYBR green mix (Applied Biosystem, CA). Gene expression of candidate genes and Glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Supplementary Table 1) was measured using qPCR quantitative analysis. All samples were run in triplicate. Relative gene expression between P1 kits and animals of other ages were calculated by using the 2−ΔΔCt method, in which comparative cycle threshold (Ct) indicates the fractional cycle number at which the fluorescent signal reaches the detection threshold (Livak and Schmittgen, 2001) . Normalized mRNA levels were expressed as x-fold of levels in P1 tissues. Delta Ct (ΔCt) was calculated as the difference in Ct values for the target genes compared to GAPDH. To obtain absolute quantification of TLR 4 and TLR 3 in ferrets at different ages, TLR4 and TLR 3 primers were validated by generating standard curve. Custom TLR4 and TLR3 gblock fragment (DsDNA amplicon with known copy number) were obtained from IDTDNA, CA. Manufacture protocol was used to prepare the amplicon to obtain absolute gene quantification. To identify absolute copy number of gene at each age group, standard curve was generated with g-block with 1:10 dilution. The cycle threshold (Ct) of each sample group in triplicate were plotted against the standard curve to obtain the copy number of genes at each age group.
Behavioral testing
Early behavioral tests were performed 3x/week from P21-P42 (n = 5-9 per time point), adapted from routine behavioral tests frequently used in developing rodents, including negative geotaxis (NG), cliff aversion (CA), and spontaneous righting and walking (righting reflex, RR) (Hobbs et al., 2008) . The development of NG and RR over time has previously been reported in the juvenile ferret (Christensson and Garwicz, 2005) . NG was performed on an inclined plane at 35°. Kits were placed head-down in the middle of the plane, and time to rotate 90°and 180°was recorded. For CA, kits were placed with both front paws on the edge of a shelf. Time to spontaneously retreat away from the edge and rotate away was recorded. In the RR, animals were placed on their backs, and time to righting recorded. From P35 onwards, animals were required to show full foot placement and begin coordinated locomotion in order to complete the righting task. A total of three runs in the NG and CA tests, and five runs of the RR test, were compiled to create an overall behavioral score (Table 1) . For all tests, failure was considered to be an inability to complete the task within 60 s. From P42-P70, healthy kits (n = 7) underwent weekly catwalk gait analysis (Catwalk XT, Noldus, Leesburg, VA). At each time point, three compliant runs (lasting < 10 s, maximum speed variation 60%) were collected from each animal. Paw placement, paw width, stride length, speed, and base of support were analyzed over time as measures of early gait development.
Lipopolysaccharide administration (LPS)
Postnatal day 9 kits (n = 6) received intraperitoneally-administered LPS (Escherichia coli O111:B4, List Biological, CA) at a dose of 1 mg/kg every 12 h for 3 doses. After the last dose of LPS, kits were exposed to hypoxia (6% oxygen for 45 min) followed by hyperoxia (100% oxygen for 6 h). Control animals (n = 4) received equal volume saline Table 1 Scoring system used for early behavioural testing (P21-P42). 
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injections and normoxia. Kits were sacrificed at P12.
Statistics
Statistics and images were generated in Prism GraphPad version 7 (San Diego, California). For PCR analyses of TLR3 and TLR4 gene expression, three animals per time point were used for P1, P10, P21, P40, and adult. For PCR analyses of MBP, NG2, PDGFRα, and Olig2, three animals per time point were used for P1, P10, P15, P21, and P40. All samples were run in triplicate. PCR data was log transformed and analyzed by one-way ANOVA followed by direct comparisons between each age and P1 (TLR, NG2, PDGFRα, and Olig2), or for all possible comparisons (MBP). Catwalk data was analyzed by one-way ANOVA followed by comparison of each subsequent time point to the first time point (P42). Bonferroni corrections were used for all multiple comparisons. For histology analyses and for PCR analysis of TLR4 gene expression in kits exposed to LPS and hypoxia/hyperoxia versus control animals, comparisons between LPS-exposed animals and controls were performed using a Mann-Whitney test. For quantitative immunohistochemistry analyses, the ratio of positive staining to total tissue area was calculated for each animal and the mean value was calculated by group. Statistical results with a p-value < 0.05 were considered statistically significant.
Results
Development of pre-oligodendrocyte and mature white matter markers corresponds with early behavioral testing
Relative mRNA expression for PGFRα and NG2, markers for oligodendrocyte precursor cells, was lower at P1 than at other neonatal ages (Fig. 1) . Relative mRNA expression for PDGFRα was significantly higher at P10 than P1 (p = 0.04), and then decreased at subsequent ages. Relative mRNA expression for NG2 also increased significantly from P1 to P10 (p = 0.04), and then remained significantly elevated at approximately the same level through development. Relative mRNA expression of Olig2, a pan-oligodendrocyte marker/transcription factor, peaked at P15 (p = 0.02 compared to P1) and then declined (Fig. 1) . Olig2 immunohistochemistry performed on coronal sections at the level of the caudate nucleus, corona radiata, and corpus callosum (n = 1 per age) showed increased intensity of intranuclear immunopositive staining in the internal capsule and corpus callosum from P5 to P15, followed by subjectively decreased intensity of staining at P21 through P40, with an increased number of immunopositive cells at P70 and a slight increase in staining intensity from P40 through adult (Fig. 1 ). There was a significant increase in immunopositive staining and relative mRNA expression of MBP throughout neonatal development (Fig. 2) , which corresponded with an increase in the mean (range) composite behavioral score (maximum = 13), from 1.6 (1.0-2.3) at P21 to 12.4 (11.3-13.0) at P42 ( Fig. 2 ; n = 5-9 per time point). Variability in behavioral score was greatest at P30, with a range of 1.3-10.3 (mean 
5.7)
, and variability also decreased with increasing age. MBP staining performed on coronal sections at the level of the thalamus, hippocampus, and corpus callosum showed essentially absent staining at P5 (Fig. 2) . At P15, scattered positive cells were present in the corpus callosum and corona radiata. At P21, there was an increase in positive cells within the corona radiata and corpus callosum, which further dramatically increased at P40 (Fig. 2) .
Characterization of gait development in the ferret
P42 was the earliest age at which kits could successfully ambulate along the length of the catwalk. Over time, mean (SD) speed during completion of the catwalk tended to increase; from 43.3 (16.0) cm/s at P42 to 57.9 (25.7) cm/s at P70 (Fig. 3A) . Average print position, a measure of the offset distance between successive footprints decreased over time, and became less variable, from a mean (SD) of 8.1 (6.7) mm/ g at P42 to 0.7 (1.1) mm/g at P63, which was significantly different (p = 0.009; Fig. 3B ). This suggests that accuracy of paw placement increased over that time period. At P42, mean (SD) forelimb stride length was 16.3 (1.8) cm, which increased to 21.9 (4.6) cm at P70. At the same time, forelimb stride length decreased significantly from 32.3 (4.1) cm at P42 to 18.6 (3.5) cm at P56 (p < 0.0001), after which forelimb and hindlimb stride lengths were matched (Fig. 3C) . Relative mean forelimb:hindlimb base of support (ratio of the width of placement of the forelimbs compared to the hindlimbs) increased over time, from 0.58 (0.12) at P42 to 0.95 (0.32) at P63, which was statistically significant (p = 0.04; Fig. 3D ). Both fore and hind paw width also increased significantly from 2.3 (0.2) and 1.8 (0.2) cm, respectively, at P42 to 2.7 (0.2) and 2.3 (0.3) cm at P56 (p = 0.004 and p = 0.01, respectively), after which they remained similar (Fig. 3E) . As both males (n = 3) and females (n = 4) continued to gain weight after P56 (Fig. 3F) , this suggests that paw growth stops at or around P56, after which the body continues to grow. The largest increases in weight occurred between P38 and P42, when food for the kits was made available at the entrance to the nest, and between P49 and P56, when kits were developed enough to leave the nest fully to gain access to food.
3.3. TLR3 and TLR4 gene expression is present at low levels in the neonatal ferret brain and TLR3 copy number significantly increases from P1 to P40 TLR4 gene expression was present in the neonatal ferret brain from P1-P40, with relative gene expression that was approximately 2 times lower at P1 and P10 than at the later neonatal and adult ages, and with a statistically significant increase from P1to P40 (p = 0.02, Fig. 4A ). TLR3 gene expression also was present in the neonatal ferret brain from P1-P40, and relative TLR3 expression increased significantly between P1 and P21, and remained significantly elevated into adulthood (p < 0.01 for all, Fig. 4B ).
TLR4 immunohistochemistry of sagittal and coronal brain sections revealed little immunopositive staining. On TLR4 immunohistochemistry at P1 and P5, very little overall positive staining was noted although there was some positive staining of the olfactory lobe neurons and TLR4 positive epithelium within the choroid plexus with nonspecific staining. At P15, P21, P40 and adults, Purkinje cells of the cerebellum also were mildly-to-moderately positive although nonspecific staining especially in the adult samples complicated assessment. At the later ages, weak immunostaining of the epithelium of the choroid plexus also was observed. At all ages, scattered populations of TLR4 positive neurons within the medulla and to a lesser extent the cortex were seen, and virtually no positive staining was observed within white matter.
Immunohistochemistry also revealed very little TLR3 immunopositive staining in the brain during ferret brain development. Occasional positively stained neurons and rare positively stained cells in the periventricular area and the meninges were observed. In the later ages and adult brains, rare neurons and glial cells were positive for TLR3, with perinuclear expression, and some endothelial cells within cerebral blood vessels and within blood vessels of the choroid plexus also were immunopositive.
LPS plus hypoxia/hyperoxia at P9-10 induces an acute inflammatory response in ferrets
After confirming the presence of early white matter markers at P10, and considering the previous work suggesting that brain development in the P10 ferret most closely resembles that of the 25-week gestation human infant (Barnette et al., 2009 ), a decision was made to expose kits at P9 to three doses of 1 mg/kg LPS every 12 h followed by hypoxia (6% for 45 min) and hyperoxia (100% for 6 h) at P10. Following this insult, there was no significant difference in TLR4 gene expression (mean ΔCt value; range) within the cortex between exposed (9.84; 8.78-10.64, n = 6) and control (10.36; 10.13-10.75, n = 4) animals at P12 (p = 0.35), although TLR4-positive leukocytes were observed within meningeal vessels and expanding the meninges (Fig. 4C-D) . There also was no significant difference between Olig2 gene expression (mean ΔCt value; range) within the cortex between exposed (10.29; 9.86-11.18, n = 6)) and control (n = 5; mean ΔCt value = 10.08; range 9.75-10.43) animals at P12 (p = 0.54). Histology performed at P12 Fig. 3 . Gait development and weight gain in the ferret. Average speed on the catwalk (A) tended to increase over time, but not significantly. Relative distance between successive paw placements (B) decreased, and became less variable, with age. Average forelimb and hindlimb stride length over time (C) shows that forelimb stride length decreases over time to match hindlimb stride length by P56. Relative width of forelimb and hindlimb base of support (D) increased over time, peaking at P63. Fore and hind paw widths (E) also increased over time, reaching their full size around P56, while body weight continued to increase (F). Asterisks indicate p < 0.05 compared to P42 values. revealed inflammatory cells including neutrophils expanding the meninges, and to a lesser degree mildly infiltrating the brain parenchyma (predominantly the cortex), in exposed animals ( Fig. 5A-B) . The median meningeal inflammation score of exposed animals was 2.5 (range 1-4), compared to 0 (range 0-1) in controls, and this difference was statistically significant (p = 0.02). The median parenchymal inflammation score of exposed animals was 1.5 (range 0-2), compared to 0 (range 0-1) in controls, although this difference was not statistically significant (p = 0.16). Quantitative analysis of percent positive Iba-1 staining (median; IQR) in exposed animals (0.044; 0.037-0.047, n = 5) was significantly greater than in control animals (0.020; 0.017-0.033, n = 4) at P12 (p = 0.03; Fig. 5C-E) . Percent positive GFAP expression (median; IQR) on quantitative immunohistochemistry of sagittal images of the whole brain at P12 in exposed (0.144; 0.093-0.156, n = 5) and control animals (0.104; 0.057-0.141) was similar (p = 0.28). In the cerebral cortex, median (IQR) percent positive GFAP expression in exposed animals (0.014; 0.008-0.021, n = 5) was more than double that seen in controls (0.006; IQR 0.003-0.011, n = 4), but the difference was not statistically significant (p = 0.19; Fig. 5F ). No significant difference in percent positive Olig2 expression in the cerebral cortex between LPS-exposed and control animals at this time point was seen on quantitative immunohistochemistry (data not shown).
Discussion
Animal models of neonatal encephalopathy are needed to elucidate pathophysiologic mechanisms of injury and to create a platform for the development and testing of therapeutic interventions. Current rodent models include the Vannucci model of unilateral hypoxic-ischemic brain injury, middle cerebral artery occlusion (MCAO), acute or chronic hypoxia models, and chronic hyperoxia models (Back and Rosenberg, 2014; Back, 2014; Rice et al., 1981; Ashwal et al., 1995; Salmaso et al., 2012; Schwartz et al., 2004) . However, these models do not optimally recapitulate human pathological findings, such as the WMI seen in encephalopathy of prematurity. Large animal models such as piglets (Kyng et al., 2015) , sheep (Back, 2014; Back et al., 2012) , and nonhuman primates (Traudt et al., 2013) benefit from greater similarities in development to that of human gestation. They also display neonatal and postnatal central nervous system development, white matter: gray matter ratios, and a spectrum of WMI similar to humans. However, development of premature brain injury models in piglets and nonhuman primates has been unsuccessful to date. Ferrets are attractive as a small animal model species for neonatal encephalopathy because, as with premature human infants in the third trimester, they are lissencephalic at birth and subsequently undergo complex cortical folding in the first three weeks of life (Empie et al., 2015; Reillo and Borrell, 2012; Barnette et al., 2009) . White matter maturation and synaptogenesis during the early postnatal period in ferrets also mimics development seen during the second half of human gestation (Empie et al., 2015) . We undertook this study to further characterize white matter development and TLR ontogeny in the ferret to further inform time points at which the neonatal ferret brain may be most susceptible and vulnerable to injury with LPS and hypoxia/hyperoxia.
Oligodendrocytes are responsible for myelination of the brain and mature oligodendrocytes (OL) derive from oligodendrocyte precursor cells (OPC) (Domingues et al., 2016) . Four stages are recognized in oligodendrocyte maturation, from the OPC to the pre-OL (both premyelinating) to the immature OL and mature OL (both myelinating) (2). Infants are most vulnerable to injury of the pre-myelinating pre-OL cells at 23-32 weeks post conceptual age, which corresponds to Fig. 4 . TLR4 (A) and TLR3 (B) relative mRNA expression is present at low levels in the neonatal ferret brain, and significantly increases from P1 to P40. P12 ferrets exposed to 1 mg/kg LPS x 3 doses + hypoxia/hyperoxia have increased TLR4 immunopositive cells within meningeal vessels and expanding the meninges (C), relative to controls (saline followed by normoxia) (D). TLR4 positive cells are brown; hematoxylin counterstain; bars = 100 μm. Asterisks indicate p < 0.05. approximately P10-21 in the ferret (Scafidi et al., 2009; Barnette et al., 2009) . Oligodendrocyte precursor cells and pre-oligodendrocytes express PDGFRα and NG2 (Domingues et al., 2016; Wilson et al., 2006) while mature oligodendrocytes express MBP (Back and Rosenberg, 2014; Wright et al., 2010) . Olig2 has been shown to be expressed across the oligodendrocyte lineage (Cai et al., 2012) . During rodent development, it has been shown that there is a decrease in PDGFRα-expressing oligodendrocyte progenitors with a coincident increase in MBP-expressing mature oligodendrocytes, and by Western blot PDGFRα proteins are highest at P7 and then decline (Wright et al., 2010; He et al., 2009) . Similarly, in our study, we found that PDGFRα relative mRNA expression in the ferret was highest at P10 and then declined, Olig2 expression peaked at P15, and MBP relative mRNA expression increased from P10 to P40. Previous rodent studies have found a peak in NG2 positive cells and proteins at P7 in the rat, which is relatively more developed (equivalent gestational age of 32-36 weeks) than the P10 ferret (roughly 23 weeks) (Cai et al., 2012; Chen et al., 2008) . We found a significant increase from P0 to P10, although subsequently a similar level of expression persisted until P40. NG2 cells may also give rise to neurons and astrocytes as well as oligodendrocytes (Nishiyama et al., 2009) .
In parallel to the development of white matter in ferret kits, we describe an early behavioral test battery (negative geotaxis, cliff aversion, righting), with kits rapidly developing innate reflexes from P28 to P42. From P42 to P70, we have also characterized the gait development of ferrets in a catwalk. The majority of changes (average print position, stride length, paw width, and base of support) occurred between P42 and P56 or P63. The fact that some of the changes reversed slightly at P70 either suggests a further maturation of gait at that time, or could be that the ferrets are too large to freely move within the catwalk (initially designed for rats). Our documented development of early reflexes and gait in healthy P21-P70 ferrets provides an ideal baseline against which to identify deficits or developmental delays caused by an early-life insult.
TLRs are pattern recognition receptors important in the innate immune response that signal as a result of stimulation by a variety of distinct bacterial, viral, or cellular components (Richez et al., 2011) . For example, TLR4 is activated by the LPS component of gram negative bacteria, and TLR3 recognizes double stranded RNA associated with viral infections (Bsibsi et al., 2012) . TLRs are widely expressed throughout the body, and expression of TLR3 and TLR4 has been shown in the brain, both in neurons, glia, and endothelial cells, with altered and increased expression associated with inflammation, oxidative stress, and white matter injury (Bsibsi et al., 2012; Wang et al., 2011; Vontell et al., 2013; Lathia et al., 2008; Leow-Dyke et al., 2012; Buchanan et al., 2010; Tang et al., 2007 Tang et al., , 2008 Nagyoszi et al., 2010) . TLR3 and TLR4 agonists have been shown to contribute to perinatal and other brain injury (Stridh et al., 2013a, b; Wang et al., 2009) , and activation of the TLR4 signaling pathway likely contributes to neuronal death and blood brain barrier compromise in cases of cerebral ischemia (Teng et al., 2009; Hua et al., 2007; Caso et al., 2007) . TLRs may also play a role in regulating normal neuronal proliferation and differentiation (Vontell et al., 2013; Buchanan et al., 2010; Rolls et al., 2007; Cameron et al., 2007; Vontell et al., 2015) . Developing reparative therapies for neonatal encephalopathy requires an understanding of the relationship and interaction between inflammation, hypoxia/hyperoxia, and white matter development in injury.
The degree and location of TLR4 and TLR3 expression in normal neonatal ferret brain is not well described in the literature. In swine, TLR4 expression in seen in cortex, cerebellum, hippocampus and hypothalamus, and TLR4 expression has also been demonstrated in rat neurons and mouse primary neuronal cultures, glial cells, human and rodent brain endothelial cells and cell lines, human and rodent microglia, and in immature and mature choroid plexus under physiologic conditions and associated with systemic inflammation (Leow-Dyke et al., 2012; Nagyoszi et al., 2010; Stridh et al., 2013a; Vaure and Liu, 2014; Skipor et al., 2015; Chakravarty and Herkenham, 2005) . In immature chickens, TLR4 expression was observed in the Purkinje cell layer, pia mater, neurons in the medulla and blood vessels in the cerebellum (Ansari et al., 2015) . In inflammatory and ischemic CNS disease, TLR4 and TLR3 expression is upregulated in the brain and microglia predominantly express TLR4 (Vontell et al., 2013 (Vontell et al., , 2015 Vaure and Liu, 2014; Ansari et al., 2015) . In the present study, TLR4 gene expression increased significantly in the ferret brain from P1 and P10 to the later neonatal and adult ages. This is consistent with a previous study that found lower TLR4 gene expression in P3 and P5 rat brains than at P7-P14 (Vaure and Liu, 2014; Hickey et al., 2011) . We found positive TLR4 immunoreactivity in neurons and, to a lesser degree, glial cells in neonatal and adult ferret brains, although some nonspecific and background staining was present. The increase in TLR3 and TLR4 expression from P21 onwards suggests that ferrets may be increasingly susceptible to inflammatory stimuli as they age. As seen in our data, challenges of TLR immunohistochemistry have been previously documented, which include low tissue expression in many tissues and the potential for nonspecific staining (Ungaro et al., 2009) .
After confirmation of the presence of early white matter maturational markers and TLRs in the P10 ferret brain, as well as previous work suggesting that the P10 ferret was developmentally most similar to the 25-week gestation human P10 may be the age at which the neonatal ferret is most susceptible to WMI (Barnette et al., 2009 ). As Olig2 expression peaked at P15, performing an insult at P10 may also result in oligodendrocyte maturational arrest, which is thought to be pathognomonic of premature WMI (Buser et al., 2012; Back, 2015) . After LPS administration and hypoxia/hyperoxia at P9-10, inflammatory cells were increased in the meninges, as well as the brain parenchyma, including an increase in TLR4-positive cells. This proof-ofconcept work forms the basis for future studies that will include a more sustained inflammation-sensitized hypoxic/hyperoxic insult in the P10 ferret, with relative WMI and motor development determined, and compared to the behavioral testing methods established and presented here.
Our study does have some limitations. Based on the current data, we are unable to ascertain whether LPS exposure, hypoxia, hyperoxia, or their combination, is the most important aspect in the development of an inflammatory response in the neonatal ferret brain. Additionally, though the majority (80%) of exposed animals appeared to have increased GFAP expression compared to controls, suggesting some degree of astrogliosis, this difference was not statistically significant, likely due to the small number of animals in each group. Similarly, LPS and hypoxia/hyperoxia exposure did not significantly affect Olig2 expression, which may be due to the early time point investigated after the insult.
In summary, our data suggests that the newborn ferret has significant promise as a platform in which to model the neuroinflammation associated with premature birth. Our hope is to develop a ferret model of encephalopathy of prematurity in which to test potential therapeutics before translation to human clinical trials.
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